Molecular spintronics aims at exploiting and controlling spin-dependent transport processes at the molecular level. Achieving this aim requires not only appropriate molecules, molecular structures and preparation procedures. Equally important is the understanding and engineering of the electronic and spin-dependent interactions between different molecular species, molecule and substrate, as well as molecule and electrodes. These interactions may not only determine the spin-dependent functionality of the molecular structures, but also their integrity on the substrate. Likewise, there may be also a modification of the surface properties below and in the vicinity of a molecule. We have investigated several molecules on different metallic surfaces, among them magnetic Nd doubledecker phthalocyanines, a cubane-type {Ni4} complex with single-molecule magnet properties, and a nonmagnetic triazine-based molecule. For NdPc2 molecules adsorbed on a Cu(100) surface, our scanning tunneling microscopy and spectroscopy studies show specific electronic states of the molecule-substrate complex. We find that the electric field between STM tip and sample must be taken into account to properly describe the electronic states associated with the upper Pc ligand.
I. INTRODUCTION
A continuously increasing energy demand in information technology asks for alternative state variables beyond the electron charge to encode digital information. Since the discovery of large spin-dependent electrical transport processes in the 1980's [1, 2] , which laid the foundation to the field of "spintronics", the electron spin is considered as a potential pathway to energy-efficient storage, transfer and processing of data. Today, a reliable source of spin-polarized carriers is most often a magnetic metal or semiconductor. These materials which have a long-range ferro-, ferri-, or antiferromagnetic order intrinsically provide a "nonvolatility", as the digital information can be stored, e.g. in the local magnetization or spin direction of a small magnetic element.
A considerable challenge in the preparation of magnetic nanostructures, however, is the precise control of their magnetic properties once the dimensions reach the 10 nm regime. Small changes in the size or shape of the elements may lead to significant changes in magnetic anisotropies, switching fields or switching character. This problem can in principle be circumvented by employing single-molecule magnets, if these molecules carry a large magnetic moment and have a sufficiently high magnetic anisotropy to preserve the spin orientation in space. The main advantage of a chemical synthesis is the production of a large number of molecules with identical magnetic properties. A magnetic molecule may serve as an entity to store digital information or as spin-polarized electrode in a two-or three-terminal molecular electronic device [3] . Moreover, the spin state of a certain class of moleculesspin crossover compounds -may be controlled by external stimuli, such as light [4] . This explains the recent interest in the areas of "molecular magnetism" and "molecular spintronics".
At present, however, approaches in molecular spintronics are limited to cryogenic temperatures, as thermal fluctuations can easily change the magnetization direction in a single molecule. A solution is the construction of molecular hybrid systems -spin-hybrids -, in which the magnetization of the single molecular magnet is stabilized by exchange coupling to another magnetic system [5, 6] . In order to control and taylor the physical properties of these spin-hybrids, we have to first understand of the electronic interactions and charge transfer mechanisms between molecule and substrate. These determine not only the strength and character of the exchange coupling, but may even affect the chemical stability of the molecule in contact with the substrate. The opportunity to specifically exploit and to engineer these interactions makes hybrid spin systems a new class of magnetic materials, which promises unique magnetic properties and novel spin-dependent functionalities [7] [8] [9] .
In the following, we will discuss experiments carried out with three different classes of molecules: (i) a magnetic molecule containing a 4f metal ion center, (ii) a singlemolecule magnet (SMM) containing 3d metal ion centers, and (iii) a metal-ion free molecule.
II. DEPOSITION OF MAGNETIC MOLECULES
In our studies we employ several deposition techniques, which depend on the stability of the molecules under investigation. A strict surface-science approach, i.e. a deposition of the molecules onto the substrate by thermal evaporation under ultrahigh vacuum conditions is desirable, but not always feasible. Many interesting classes of molecules do not possess a sufficient volatility and/or thermal stability and fragment during thermal evaporation. In the following we focus on two types of magnetic molecules, which have been specifically synthesized in-house for our experiments.
The first one comprises a neodymium double-decker phthalocyanine (NdPc 2 ). The structure consists of two phthalocyanine rings which are connected via a central Nd atom resulting in an hourglass shaped molecule ( Fig. 1(a) ). This molecule was deposited onto Cu(100), Au(111) and Fe(110) by means of molecular beam epitaxy at 800 K source temperature [10, 11] .
The second molecule is a cubane-type tetranuclear Ni(II) complex with neutral, thioether-functionalized ligands. We want to explore the selective binding of novel sulfur-containing end groups to a Au surface ( Fig. 1(b) ). The molecule contains four pyridyl-alcohol-type ligands with structurally exposed, peripheral thio-cyclohexane functionalities. The four Ni centers exhibit a ferromagnetic coupling. {Ni 4 } thin films in the monolayer (ML) regime were deposited ex-situ by immersing the previously cleaned Au(111) crystal surface into an oxygen-free 0.5 mM {Ni 4 }-dichloromethane (DCM, CH 2 Cl 2 ) solution, followed by an immersion in pure DCM to remove unbound species and contaminations. The deposition was conducted under argon atmosphere and at room temperature [12] .
The third molecule is an aromatic compound without metal centers. It is a commercially available triphenyltriazine complex (2,4,6-triphenyl-1,3,5-triazine) consisting of a central triazine ring and three phenyl groups ( Fig. 1(c) ). The molecule has a three-fold symmetry and will be henceforth denoted TPT for reasons of simplicity. TPT in the gas phase is non-magnetic. The deposition of the TPT molecules was carried out with molecular beam epitaxy under UHV conditions onto Fe(011) and Co(111) surfaces held at 170 K for Fe and below 70 K for Co, respectively. The motivation to study non-magnetic, aromatic molecules on ferromagnetic surfaces like Fe or Co is driven by the desire to understand the spin-polarized hybridization between the 3d-states of the metal with the π-orbitals of the molecule. On the one hand, this results in a spin-unbalanced electronic structure in the chemisorbed molecule giving rise to an induced molecular magnetic moment or spin-filter functionality [9, 13] . On the other hand, the hybridization also modifies the electronic and magnetic properties of the metal atoms that are binding directly to the molecule. The strength of the exchange interaction among these atoms is locally enhanced compared to the clean surface. The consequence is a magnetic hardening effect that leads to the formation of a novel magnetic unit called hybrid molecular magnet consisting of the chemisorbed molecule and its immediate metal neighbors [9] . First experiments on hybrid molecular magnets [8] reveal interface magnetoresistance response up to 250 K, possibly demonstrating a route to molecular spintronics at room temperature.
III. STABILITY OF CHEMISORBED MOLECULES
The first issue in spin hybrids that one has to deal with is the stability of a molecule during the deposition and adsorption onto a surface or an electrode. The stability is sensitive to the details of the electronic interactions in the molecule-surface system and the molecule itself.
The main methods employed in this work were scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS). We used two types of lowtemperature STM systems, both of which where also equipped with sample preparation and surface characterization facilities. The first instrument comprised an Omicron LT-STM capable of reaching a base temperature of around 5 K. The second instrument was a SPECS Joule-Thomson STM which can reach a minimum sample temperature of 1.2 K with the Joule-Thomson stage. In addition, in this STM we can apply a magnetic field of up to ±3 T normal to the sample surface. Both instruments have already been shown to also work in a spin-polarized mode by using ferromagnetic or antiferromagnetic tips.
The late-lanthanide phthalocyanines, for example, TbPc 2 have been investigated quite extensively in the past and have been found to be stable on many surfaces [14] [15] [16] [17] [18] . This is not necessarily true for the early-lanthanide phthalocyanines. The data from scanning tunneling microscopy reproduced in Fig. 2 show a submonolayer coverage of NdPc 2 molecules on Cu(100). The adsorbed molecules give rise to basically two kinds of structures, which differ by the contrast and the shape of the pattern. We find structures with four symmetric lobes, and structures with eight lobes. We identify the former with single Pc rings resulting from a decomposition of the molecules, whereas the latter structure is a signature of intact NdPc 2 entities. In fact, only about 20% of the deposited doubledecker Pc's remain intact upon deposition onto Cu(100).
The comparison between deposition onto Cu(100), Au(111) and Fe(110) yields a surprising result [11] . The NdPc 2 molecule is more stable on nominally more reactive surfaces, such as Fe (110), where about 50% of the molecules remain intact. By contrast, on the inert Au(111) surface, all molecules decompose upon chemisorption. On the one hand, this is a clear indication that the molecule-surface interaction of chemisorbed species is very important and affects the intramolecular bonding, leading to a decomposition of the double-decker in two Pc rings. On the other hand, the result is counterintuitive. Estimating the adsorption energies of the molecule from comparison to benzene rings, one should expect the highest adsorption energy for the Fe(110) surface. The experiments, however, show the least tendency for decomposition for the strongest chemisorption. We attribute these findings to a substrate-dependent partial charge transfer from the substrate to the Pc ligands of the molecule. This charge transfer strengthens the intramolecular bonding mediated predominantly by electrostatic interaction. This interpretation is supported by studies of the binding energy separation of the bonding and antibonding 4f -states (ligand-field splitting) by means of scanning tunneling spectroscopy (STS). We find an increase of the splitting on Fe(110) which marks an increased intramolecular bonding.
The cubane-type {Ni 4 } complex in the crystallized state is thermally stable up to 525 K. In literature the formation of highly ordered self-assembled monolayers (SAMs) with thioether-functionalized molecules has been reported [19, 20] . Our STM studies do not show, however, a periodic surface morphology related to ordered SAMs, but rather an almost featureless surface. In fact, the results provide strong evidence for partial decomposition of the coordination complex upon deposition on the Au(111) surface [12] . Spectroscopic investigations confirm, however, that the magnetic Ni 4 Cl 4n (n = 1 or 2) core remains intact upon chemisorption. The fragments resulting from the decomposition of the {Ni 4 } complex are lying in a disordered fashion on the surface, giving rise to the diffuse STM morphology.
The magnetic Ni 4 Cl 4n core on Au(111) remains stable up to ca. 480 K. This suggests that such a type of coordination complexes can be tuned to retain their SMM properties exhibited in the bulk [21] as long as the local molecular electrostatic environment does not significantly influence the molecular magnetic anisotropy. Only postannealing of the films up to 590 K induces further decomposition and fragmentation of the Ni 4 Cl 4n core. The respective STM micrographs reveal uncovered Au(111) areas with a distorted herringbone reconstruction, as well as disordered regions and areas with some structural order (Fig. 3) . The detailed insight into the chemisorptioninduced decomposition pathway provides guidelines for the future deposition of thioether-functionalized Ni(II) complexes on metallic surfaces.
IV. FIRST RESULTS ON TPT MOLECULES
The TPT molecules are deposited onto ferromagnetic substrates which consist of ultrathin layers of Fe/W(110) and Co/Cu(111). In the case of the Fe films, approximately 2 monolayers are grown at room temperature then postannealed at 500 K. This leads to the formation of a particular morphology with alternating stripes of 1 ML and 2 ML height (Fig. 4(a) ). In addition to the stripe structure, there is a characteristic pattern of dislocation lines which forms on the double layer stripes. By using a Cr coated W tip, the same surface region has been imaged in a spin-resolved mode revealing the local magnetization direction in the stripes. We find in-plane magnetic domains in the 1 ML stripes, whereas the 2 ML stripes exhibit an out-of-plane magnetization direction (Fig. 4(b) ). This is in agreement with earlier observations [22, 23] .
The second ferromagnetic substrate consists of Co grown on Cu(111) at room temperature. This system is known to exhibit an island growth due to the formation of stacking faults. At submonolayer coverages, the Co atoms assemble in triangular islands which are known to be magnetized out-of-plane.
The deposition of a submonolayer coverage of TPT on Co(111) has been performed at low temperature. The STM micrographs reveal clear localized contrast patterns with a three-fold symmetry both on the bare Cu(111) surface and the Co(111) islands (Fig. 5) . This contrast pattern resembles closely the geometry of the TPT molecule. This can be seen by an enlarged image of the pattern. A graphical representation of the TPT molecule has been overlaid to the contrast for illustration purposes. As we do not find signatures of fragments, we have to assume that most of the molecules stay intact after the deposition. We note that there are two adsorption orientations of the molecule, which are clearly visible in the experimental data. Considering the symmetries of the fcc (111) surface and the TPT molecule, we should expect 6 different adsorption geometries which differ by subsequent 
rotations of 60
• , but are three-fold degenerate. On the Fe(110) stripes the TPT molecule has been deposited at 170 K, while the subsequent STM studies were again carried out at low temperature. The data shown in (Fig. 6 ) have been obtained from a 2 ML stripe. We see the typical three-fold symmetric contrast patterns due to the TPT molecules. Although there is a certain tendency for the molecules to aggregate at the dislocation lines, there are also numerous molecules in between the lines. It also appears that the molecules stay mainly intact during the deposition. A closer inspection of the contrast patterns reveals the presence of at least two different adsorption orientations.
The above results show that for both ferromagnetic surfaces the TPT molecules mainly stay intact upon deposition, adsorb in a well-ordered manner, and strongly interact (hybridize) with the substrate. This forms the basis for future spin-resolved STM studies to elucidate the electronic and magnetic properties of the TPT/Fe and TPT/Co hybrid molecular magnets.
V. ELECTRONIC STRUCTURE IN
NdPc2/Cu(100)
In order to elucidate the electronic structure of the NdPc 2 molecules deposited on Cu(100) we used scanning tunneling spectroscopy with atomic resolution. We record energy-dependent topography and differential conductivity (dI/dV ) maps as well as dI/dV (V ) curves at different sites on the NdPc 2 molecule (see Fig. 7 ). In an effort to interpret the STS results, we performed extensive DFT calculations which also took into account the van der Waals interactions [10] . The spatially and energetically resolved orbital maps compare well with the predictions from DFT. This allows us to identify them with specific electronic states of the molecule-substrate complex. As a result of the combined experiment/theory approach we find that the bottom Pc ring strongly hybridizes with the substrate resulting in a bonding to the substrate. The upper Pc ring keeps its molecular-type electronic states, which are reflected in the HOMO and LUMO contributions to the dI/dV spectra. In addition, we observe direct spectral signatures of the spin-split Nd 4f -states.
The strong difference between the electronic behavior of the bottom and top Pc ring gives rise to a particular phenomenon. The upper Pc ligand is barely coupled to the substrate and the DFT calculations predict that the molecular-like electronic states are highly susceptible to an electric field. In fact, we find that the electric field between the STM tip and sample must be taken into account to properly describe the energy position of the electronic states associated with the upper Pc ligand. With increasing field strength these states shift for both field polarities away from the Fermi level until they hybridize with the Nd 4f -orbitals, where they are pinned and can then be measured in STS [10] .
Furthermore, we demonstrate for the first time that the spin-polarized Nd 4f -states are involved in the charge transport through NdPc 2 on Cu(100) [10] . In contrast to the Tb 3+ ion in the previously studied late-Lanthanide analogue TbPc 2 [15, 18] , the Nd 3+ ion has a larger ionic radius with more delocalized 4f -electrons. As a consequence, the 4f -electrons undergo a stronger hybridization with the Pc ligands. Thereby, the 4f -orbitals become accessible to transport experiments, while largely maintaining the relative energetic positions of spin-up/-down states and hence the magnetic moment [10] . This result opens up prospects for electrical manipulation and detection of the molecular spin state, providing the basis for all-electrically controlled device concepts in molecular spintronics.
VI. CONCLUSION
The recent developments in the chemical synthesis procedures provide many opportunities to create novel singlemolecule magnet systems. Our studies show that a successful incorporation of magnetic molecules into a spintronic structure requires a careful investigation of the interactions between the molecule and environment. It is important to realize that the surface and the adsorbed molecule form a true spin hybrid system. On the one hand, these interactions may considerably change the properties of a magnetic molecule as compared to behavior in solution or in the crystallized state. On the other hand, the interaction with the molecule may also change the magnetic behavior of the surface in the vicinity of the molecule. Controlling and tailoring these interactions will open up unique opportunities to create hybrid systems with novel spin-dependent properties. 
